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ABSTRACT
Karst springs in the Main Range of the Crimean Mountains and the
Crimean Piedmont show a restricted range of values (δ18O = –10.5
to –8.0 ‰, δ2H = –72 to –58 ‰), somewhat more negative than
the weighted mean of meteoric precipitation. This suggests
preferential recharge at higher elevations during winter months.
Groundwater tapped by boreholes splits in three groups. A first
group has isotopic properties similar to those of the springs. The
second group shows significantly lower values (δ18O = –13.3 to –
12.0 ‰, δ2H = –95 to –82 ‰), suggesting recharge during colder
Pleistocene times. The third group has high isotope values (δ18O
= –2.5 to +1.0 ‰, δ2H = –24 to –22 ‰); the data points are
shifted to the right of the Local Meteoric Water Line, suggesting
water–rock exchange processes in the aquifer. These boreholes
are located in the Crimean Plains and discharge mineralized (ca.
25 g L−1) thermal (65°C) water from a depth of 1600–1800
m. Groundwater associated with mud volcanoes on the Kerch
peninsula have distinct isotope characteristics (δ18O = –1.6 to
+9.4 ‰, δ2H = –30 to –18 ‰). Restricted δ2H variability along
with variable and high δ18O values suggest water–rock
interactions at temperatures exceeding 95 °C.
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1. Introduction

Over its known history, the economic development of Crimea has been limited by the
availability of water. Around the middle of the twentieth century, the water resources of
Crimea totalled 0.83 km3, concentrated primarily in the Crimean Mountains. Resources
in the Crimean Plains amounted to only 0.04 km3, and this part of the peninsula has
been largely unsuitable for industrial or agricultural development [1]. Water resources of
Crimea have been studied extensively since the 1920s in order to meet the continuously
growing demand of domestic and industrial water supply. Hydrogeological surveys and
exploratory drilling were performed in all parts of the peninsula between 1940 and the
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1970s [2,3]. From 1949 onwards, thousands of boreholes were drilled in the northern part
of Crimea, and yearly extraction of water from deep-seated aquifers reached 0.19 km3 in
1960 and 0.55 km3 in 1975. Massive water extraction produced a plethora of adverse
effects, including region-scale depressions in Miocene aquifers, trans-formational flow
and contamination, as well as, in coastal areas, ingressions of marine waters into the aqui-
fers [1].

Since 1963, the North Crimean Canal (constructed between 1961 and 1971) started to
deliver Dnieper river water frommainland Ukraine to Crimea. The water was primarily used
for irrigation and water supply in the northern and eastern parts of the peninsula. The
North Crimean Canal had dramatically increased the water resources of the peninsula.
Contributing up to ca. 3.8 km3 per year, the share of the Dnieper water in the water
balance of Crimea in 1963–2014 ranged between 70 and 86 % [4].

In 2014, due to the political confrontation between Ukraine and Russia, the 50
year-long period of ‘water abundance’ ended with the North Crimean Canal being
shut off. This resulted in an acute water shortage. Presently, the water demand of
ca. 0.8 km3 annually must be met by internal resources, but the latter are not
sufficient [4]. Groundwater, mostly from karst aquifers, provides ca. 40 % of the
water budget in Crimea, and ca. 1.2 million people (ca. 50 % of the Crimean popu-
lation) depend on karst as the sole source of water. The demand increases dramati-
cally in summer time due to the large number of tourists (about 6 million visitors
yearly). In 2018, ca. 0.12 km3 of water was extracted by 1204 artesian wells. This
exceeds the maximum sustainable withdrawal (0.04 km3; [5]). The overuse further
aggravates the exhaustion due to uncontrolled exploitation of the most economically
viable shallow aquifers in the past. Deeper aquifers (300–500 m) need to be tapped in
order to tackle the water shortage.

Solving the pressing issues of sustainable water supply in Crimea requires a thorough
understanding of the aquifers. Although major research efforts have been undertaken in
Crimea over the last decades, an important source of information, stable water isotopes,
has so far only rarely been applied in hydrogeological studies. Except for waters associ-
ated with mud volcanoes on the Kerch peninsula, which recently became the focus of
several studies [6,7], published information on the isotopic composition of groundwater
in Crimea is scarce. Initial measurements of δ18O in 10 springs and one borehole, all
located within the Main Range of the Crimean Mountains, were reported by Seletsky
et al. [8]. Results from 7 karstic springs and one borehole, located on the northern
slope of the Crimean Mountains, were reported by Dublyansky et al. [9]. Recently, Kayu-
kova [10] published isotope data for 26 springs in the Crimean Mountains, and Ameli-
chev et al. [11] reported stable isotope data for one mineral water occurrence on the
Crimean Plains.

In this study, we attempt a first systematic stable isotope characterization of the
different types of groundwater on the 27,000 km² territories of the Crimean peninsula.
We sampled 41 springs, 30 boreholes, 4 wells and 7 mud volcanoes located in different
hydrogeological districts. In order to assess the temporal variability of the isotope compo-
sition, several sites were sampled over a longer interval; for three karst springs, we
obtained time series of different length. Given the size of the study area, its hydrogeolo-
gical complexity, the range of recharge conditions, and the multitude of aquifers tapped
by water supply wells, this study is necessarily a reconnaissance one.
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2. Geology and hydrogeology of Crimea

2.1. Geography and geology

The Crimean peninsula comprises two main physiographic provinces, the Crimean Plains
in the northern part and the Crimean Mountains in the south (see Supplementary Material,
Figure 1). The Crimean Mountains comprise (from south to north) the Main, the Inner, and
the Outer Ranges; the latter two are also known as the Crimean Piedmont (Predgorje). The
physiographic provinces of the Crimean Plains and the Crimean Mountains correspond to
two regional tectonic structures: the epi-Hercynian Scythian Plate and the Alpine Crimean
Mountains fold-and-thrust structure (Figure 1(a)). These structures are separated by a
regional deep-seated fault, which has also been interpreted as a collision suture (Piedmont
Suture; [12]). This low-angle north-dipping thrust fault was active from the early Jurassic
until the early Cretaceous. The lower tectonostratigraphic story in the Crimean Mountains
is composed mainly of Triassic shale-dominated flysch deposits and Upper Jurassic and
Lower Cretaceous limestones. The limestones form rigid massifs interpreted as olistoliths
[12]. The upper tectonostratigraphic story comprises alternating shales/marls and carbon-
ate rocks of Upper Cretaceous, Palaeogene, and Neogene age, which form a homocline
dipping 5 °–15 ° to the northwest and north.

From the Late Cretaceous to the Palaeogene, the northern periphery of the fold-and-
thrust belt of the Crimean Mountains was buried by marine sediments, which were
even more abundant further to the north in the Scythian Plate (the Crimean Plains). The
Upper Jurassic limestone massifs that now form most of the Main Range were stripped
off their Cretaceous–Palaeogene cover during the Neogene–Quaternary uplift. Ensuing
erosion separated the Main and the Inner Ranges. The geological and hydraulic continuity
of the homocline was completely breached in the northwestern sectors, but was preserved
in the central and eastern parts of the mountain region.

The Inner and the Outer ranges constituting the Crimean Piedmont rim the Crimean
Mountains from the northwest and north, forming a 130 km-long arch. Cuestas of the
Inner Range are more prominent and are built up of Upper Cretaceous, Palaeocene and
Eocene carbonate strata. Further to the northwest and north, Cretaceous to Palaeocene
strata have a steeper dip and plunge to great depth. Cuestas of the Outer Range are
built up of Neogene carbonates. The thickness of the Neogene strata increases northward,
reaching several hundred metres in the subsurface of the Crimean Plains. The basement of
the Scythian Plate is composed of strongly deformed Palaeozoic rocks dominated by
metamorphosed shales and carbonates.

2.2. Hydrogeology

Two main hydrogeological domains are distinguished within the Crimean peninsula
(Figure 1(a)), the Crimean Mountains groundwater system and the southern part of
the Prichernomorsky groundwater system (artesian basin) which encompasses the
Crimean Plains and the Piedmont [13]. Structural depressions in the basement of the
Scythian Plate within the Crimean part of the Prichernomorsky system form second-
order artesian basins (North-Sivash, Belogorsky and Alminsky). The Kerch peninsula
hosts a suite of small-scale artesian basins. Schematic hydrogeological cross-sections
are presented in Figure 1(b).
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Figure 1. Tectonic and hydrogeological overview of Crimea. (a): Tectonic regions (after Yudin [12]; capi-
talized letters): 1st-order regions: A – Ukrainian Plate, B – Scythian Plate, C – Crimean Mountains fold-
thrust region. Boundaries between 1st-order regions: NCS – North-Crimean suture, PS – Piedmont
suture. 2nd-order regions (circled numerals): 1 – Karkinitsky depression, 2 – Tarkhankutsky-Novose-
lovsky uplift, 3 – Alminskaya depression, 4 – Simferopol uplift, 5 – Indolo-Kubansky depression, 6 –
Cuesta homocline, 7 – Piedmont structural zone, 8 – Mountain structural zone, 8a – Baydarsky
depression, 9 – North-Kerch retrothrust zone, 10 – South-Kerch thrust zone. Hydrogeological
regions: 1st-order regions (after Shestopalov et al. [13]; Roman numerals): I – Prichernomorsky ground-
water system (artesian basin), II – Crimean Mountains groundwater system. 2nd order regions in the
Crimean Plains and the Kerch peninsula (after Lushchik et al. [15]; black numerals): 1 – North-Sivash,
2 – Novoselovsky; 3 – Belogorsky; 4 – Alminsky; 5 – Simferopolsky, 6 – Kerch system of small artesian
basins. Lines a–b and c–d correspond to hydrogeological cross-sections shown in (b). (b): Simplified
hydrogeological cross-sections, approximately corresponding to lines a-b and c-d in (a). Modified
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2.2.1. Crimean Mountains groundwater system
The main groundwater resources in the Crimean Mountains are associated with the kar-
stified Upper Jurassic limestones, which reach a thickness of up to 1 km. Terrigenous
and terrigenous–volcanogenic deposits form the basement of the karstified plateaus
(yailas) in the Main Range and show low hydraulic conductivities. The plateaus serve as
the main recharge areas. Limestone massifs of the Main Range provide relatively small
storage of karst water in the phreatic zone, which discharges via more than 2000
springs located on the periphery of the plateaus, mostly within the 200–600 m a.s.l. altitu-
dinal interval. Discharge of the karst springs ranges from a few to hundreds of litres per
second [3] with 19 springs having discharges exceeding 100 L s−1 (and accounting for
ca. 75 % of the total discharge). This indicates that the groundwater flow is focused into
a few highly transmissive karst conduits.

Where Upper Jurassic limestones plunge underneath the Cretaceous cover outside the
massifs they form confined aquifers providing additional recharge for the adjacent Pricher-
nomorsky system. For example, waters recharging in the Dolgorukovskaya and Karabi
yailas feed the aquifers of the Prichernomorsky system in the Simferopol uplift and the
Belogorsky basin [3,14].

Groundwater in the Upper Jurassic limestones, even when confined (e.g. in the
Baydarsky depression), belongs to the zone of active water exchange and shows
0.3–0.5 g L−1 total dissolved solids (TDS). Some boreholes located outside the massifs at
intersections of tectonic faults tap confined Na-Cl-type (e.g. Krasnaya cave area) or Na-
HCO3-type (e.g. Chernye Vody area) waters exceeding 3 g L−1. These waters are commonly
enriched in He, Rn, H2S, CH4, and higher hydrocarbons, suggesting admixture of deep-
seated fluids. High TDS, high contents of dissolved gases (CO2 and H2S) and minor
elements were also reported from some springs in the eastern part of the Crimea Moun-
tains associated with faults [3,14,15].

2.2.2. Southern part of the Prichernomorsky system
The Prichernomorsky system extends as far south as the Crimean Piedmont, where Upper
Cretaceous, Palaeogene and Neogene strata are uplifted, tilted toward the north-north-
west and exposed within the Inner and the Outer Ranges and on the northern slope of
the Crimean Mountains. This is the recharge area of the groundwater system located
underneath the Crimean Plains.

from Barabanov et al. [3]. 1 – Palaeozoic metamorphosed rocks (aquitards); 2 – Triassic / Lower Jurassic
shales of the Tavricheskaya series (aquitards); 3 –Middle Jurassic sandstones, shales and conglomerates
(aquitards); 4 – Upper Jurassic limestones (karst aquifers); 5 – Lower Cretaceous sandstones, conglom-
erates and limestones (aquitards, locally aquifers); 6 – Upper Cretaceous limestones and marls (locally
fractured/karst aquifers), with marls and sandstones at the base (aquitards); 7 – Palaeocene limestones
and marls (fractured/karst aquifers); 8 – Eocene limestones and marls (fractured/karst aquifers), with
shales at the base (aquitards); 9 – Oligocene clays of the Maikop series (aquitards); 10 – Middle
Miocene sands and limestones (aquifers); 11 – Lower-Middle Sarmatian clays (aquitards); 12 – Upper
Miocene – Pliocene limestones and sands (aquifers), with clays in upper part (aquitards); 13 – sandy
mudstones, presumably of the Middle to Upper Jurassic (locally fractured aquifers); 14 – fault lines;
15 – predominantly aquifer formations; 16 – predominantly aquitard formations. Vertical exaggeration
ca. 17x.

Figure 1. Continued
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The upper aquifers of the system are unconfined and the rocks crop out in the
Southern Longitudinal depression in the Piedmont as well as in the Tarkhankut and
the Novoselovsky uplifts. The aquifers are recharged by infiltration of meteoric precipi-
tation and, partly, by sub-river channel flow on the northern slope of the Main Range and
in the Piedmont, where river valleys incise into Cretaceous, Palaeogene and Neogene
strata. As the groundwater flows deeper towards the Crimean Plains it acquires signifi-
cant hydraulic head. The pressure difference between the recharge area on the Pied-
mont and the submerged areas may exceed 30 bar in the Neogene aquifers and 100
bar in Upper Cretaceous aquifers [3,15]. The Aptian-Albian and some Upper Cretaceous
strata, the thick Oligocene-Lower Miocene Maikop series deposits, as well as thin
but continuous beds of Lower Sarmatian clays act as aquitards [3,14–16]. Aquifers under-
lying the Crimean plains are shown in Figure 1(b); their description is provided in
Supplementary Materials.

3. Methods

We sampled 41 natural springs, 4 draw-wells and 30 boreholes in different parts of
Crimea, as well as water from 7 mud volcanoes on the Kerch peninsula (Figure 2).
Samples were collected in 1.5 mL vials with screw caps and PTFE/Red rubber septa
and stored at +5 °C until shipment to the laboratory. All isotope analyses were per-
formed at the Institute of Geology, Innsbruck University, Austria. Samples collected
between 2009 and 2014 were analysed using isotope ratio mass spectrometry
(IRMS). From mid-2014 onward, analyses were performed by isotope ratio infrared
spectroscopy (IRIS).

IRMS — The isotopic composition of hydrogen was measured using a Delta V Advan-
tage mass spectrometer, equipped with an AS3000 autosampler, a thermal-combustion/
elemental analyzer (TC/EA) unit, and a ConFlo III interface (all Thermo Fisher Scientific).
The TC/EA unit was converted to ‘reverse gas flow’ configuration to improve precision
[17]. Each sample was characterized by 9 injections of 0.4 μL each. To check the repro-
ducibility of the results, 10 % of the samples were randomly re-measured. The precision
of the δ2H measurements was 1 ‰ (1σ). The isotopic composition of oxygen was
measured on a Delta Plus XL IRMS linked to a GasBench II (all Thermo Fisher Scientific)
using the CO2 equilibration technique [18]. The precision of these measurements was
0.1 ‰ (1σ).

IRIS — The IRIS method allows direct measurement of water vapour with almost no
sample preparation. We used the L2140i analyzer equipped with the A0211 high-precision
vaporizer (Picarro, USA). The analytical protocol and the data processing designed to mini-
mize memory effects were adopted from [19]. The precision of the measurements was
better than 1 ‰ for δ2H and 0.1 ‰ for δ18O (1σ).

The measured δ2H and δ18O values were normalized to the VSMOW scale by using
laboratory reference waters, calibrated against IAEA primary standards (VSMOW2,
SLAP2, and GISP). In order to ensure that the transition from IRMS to IRIS in 2014 did
not compromise the integrity of the dataset, several tens of archived samples originally
analysed by IRMS were re-measured using IRIS. No significant differences were
observed.
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Figure 2. Geological maps of the studied regions of Crimea showing locations of samples and bound-
aries of hydrogeological units (cf. Figure 1). (a): Main Range of the Crimean Mountains and the Crimean
Piedmont; (b): the Crimean Plains; (c): the Kerch peninsula.
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4. Results

4.1. Overview

Most of the data plot within the ±1 ‰ δ18O-band of the Crimean Local Meteoric Water
Line (LMWL; δ2H = 7.3 δ18O + 4.8 ‰; r2 = 0.97, as defined in Dublyansky et al. [20]).
Only data from a borehole located in the northernmost part of the Crimean Plains and
all but one samples from the Kerch peninsula plot to the right of the LMWL.

4.2. Main Ridge of the Crimean Mountains

Samples from the Main Range of the Crimean Mountains can be subdivided into three
groups (Figure 2(a)). The Southern Shore group comprises 6 springs in the area of
Greater Yalta, one of which has elevated H2S contents. The Northern Slope group comprises
16 karst springs located on the northern slope of the Karabi yaila, the western slope of the
Dolgorukovskaya yaila (including the underground river of the Kransaya cave), and at the
northern foothills of the Chatyr-Dag plateau, as well as one borehole tapping water in
Upper Jurassic rocks on the western foothills of Dolgorukovskaya yaila. The Baydarsky
depression group comprises 10 karst springs, one draw-well and one borehole, all dischar-
ging from Upper Jurassic carbonate rocks.

The water isotope data from the Main Ridge are consistent with the Crimean LMWL
(Figure 3(a)). Springs from the Northern Slope of the range have, overall, slightly more
depleted values compared to springs from the Southern Shore and the Baydarsky
depression.

The spring waters are isotopically more depleted than the weighted annual mean
of precipitation in Simferopol, reflecting recharge at higher altitudes of the Main
Range. The comparison with annual averages of the Chatyr-Dag station is less clear
as the latter exhibits larger year-to-year variations [20]. Repeated measurements of
the underground river in the Krasnaya cave and at two karst springs in the Baydarsky
depression (1-23 and 1-24; here and further in the text site numbers as per Figure 2)
show that the isotopic composition of karst water is fairly stable. In the cold season of
2009–2010 the underground river in the Krasnaya cave (1-1) had δ18O and δ2H values
of –10.4 ± 0.3 ‰ and –70.0 ± 1.5 ‰, respectively (Figure 4(a); there might be a
subdued maximum in December, but its amplitude is close to the analytical uncer-
tainty). This period is characterized by snowmelt and rain-related flooding, causing
high-amplitude fluctuations of the discharge [21]. These changes, however, do not
seem to affect the isotopic composition of the water, nor are seasonal variations in
the isotopic composition of precipitation reflected in the composition of the karst
water. A similar behaviour was documented in time series from two springs in the
Baydarsky depression (Figure 4(b)). The springs exhibit similar isotopic compositions
that neither respond to drastic swings in compositions of precipitation nor to season-
ally variable spring discharge.

Water from a borehole in the Baydarsky depression (1-30) yielded isotope values similar
to the springs. In contrast, the monitoring borehole near the Krasnaya cave (1-8) yielded
strikingly low isotope values (δ18O = –12.9 ± 0.2 ‰; δ2H = –83.0 ± 1.0 ‰), lower than
the most negative winter precipitation measured in Crimea [20]. This borehole taps
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deep-seated water from a zone of restricted circulation in a submerged block of Upper Jur-
assic limestone.

4.3. Crimean Piedmont

Natural springs are less common in the Crimean Piedmont than in the Crimean Moun-
tains. Eleven springs, one draw-well, and 13 boreholes were sampled in the Crimean
Piedmont (Figure 2(a)). Generally, springs have isotopic compositions similar to their
counterparts in the Main Range, just slightly shifted toward higher values (Figure 3
(b)). In contrast, boreholes tap waters that are slightly more negative than both spring
water in the Piedmont and borehole water in the Crimean Mountains, with four bore-
holes (2-11, 2-22, 2-23, and 2-24) yielding significantly depleted values (δ18O = –13.5
to –13.0 ‰; δ2H = –95 to –85 ‰).

4.4. Crimean Plains

Natural springs in the Crimean Plains are very rare. For this study 2 draw-wells and 13 bore-
holes were sampled (Figure 2(b)). All but one data points plot along the Crimean LMWL
(Figure 3(c)). Values from draw-wells are isotopically slightly less negative than most of
the borehole waters. Tapped water from two boreholes (3-3 and 3-4) is strongly depleted

Figure 3. Stable isotope properties of the Crimean groundwater: (a): the Main Range of the Crimean
Mountains; (b): the Crimean Piedmont; (c): the Crimean Plains; (d): the Kerch peninsula (isotope data
reported by Aydarkozhina and Lavrushin [6] and by Ershov and Levin [7] are also shown). Data are
plotted with respect to the Crimean LMWL (black line; Dublyansky et al. [20]) and the ±1 ‰ δ18O
band (grey lines). Large diamonds are weighted mean values measured at two precipitation-sampling
stations, Simferopol and Chatyr-Dag, in 2009–2011.
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(δ18O = –13 ‰, δ2H = –95 to –90 ‰). One borehole (3-15) is distinct, because of the iso-
topically enriched character of its water, which is displaced to the right of the LMWL
(δ18O = +1 ‰, δ2H = –24.5 ‰).

4.5. Kerch peninsula

Four springs, one borehole and seven mud volcanoes, some of them with oil shows,
were sampled on the Kerch peninsula (Figure 2(c)). Waters on the peninsula are
quite different compared to other parts of Crimea in that most of them do not plot
on the Crimean LMWL. Only one spring, Kyrk-Chokrak on the Opuk hill (4-1), yielded
isotope values consistent with a meteoric provenance (Figure 3(d)). Isotope values of
the three other springs are displaced to the right of LMWL, defining a line with a
slope of 2.3.

Water from a borehole (4-5) has high isotope values, slightly shifted to the right of the
LMWL (δ18O = –2.3 ‰, δ2H = –22.2 ‰). Waters sampled at mud volcano cones have high
2H concentration (δ2H > –31‰) and are disproportionately enriched in 18O, which places
the data points to the right of the LMWL (up to δ18O = +9.4 ‰).

Figure 4. Hydrogen isotope values of water from the underground river in Krasnaya cave (1-1) on Dol-
gorukovskaya yaila (a), and springs Ogni Grifona (1-23) and Skelsky (1-24) in the Baydarsky depression
(b) compared to precipitation on Chatyr-Dag (Dublyansky et al. [20], solid line)
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5. Discussion

5.1. Springs in the Crimean Mountains and the Piedmont

Thirty-seven springs were sampled in the Main Range of the Crimean Mountains and the
Piedmont. The isotopic compositions of spring waters are consistent with the LMWL and,
with one exception, plot within a ±1‰ (δ18O) band of this line (Figure 5). The only spring
deviating from this line by more than 1 ‰ (2-15) is likely affected by evaporation.

The Crimean spring waters have generally similar characteristics. Although springs from
the northern slope of the Main Range have somewhat lighter isotope values, the differ-
ence is not significant. All spring waters show lower isotope values than the annual
mean of meteoric precipitation in Simferopol. Most of them are also lower than precipi-
tation on the Chatyr-Dag plateau; the latter, however, is variable on an annual basis.
The isotopically ‘light’ character of spring water can be explained by (a) predominant
winter recharge, and (b) recharge at higher elevations. The mechanisms are likely comp-
lementary, but their contributions vary for different springs. For example, high-elevation
recharge cannot be invoked for the epikarst spring in the Piedmont (e.g. 2-1). On the
other hand, attributing the shift towards lower isotope values to cold-season recharge
may also be a simplification, because the difference between cold and warm seasons
can be highly variable in this region [20]. This issue is further discussed in Section 5.3.

5.2. Karst springs time-series

As discussed in Section 4.2, time series of three sites on the northern slope of the Main
Range of the Crimea Mountains, the underground river in the Krasnaya cave (Dolgorukovs-
kaya yaila; 1-1) and two karst springs in the Baydarsky depression (1-23 and 1-24) show

Figure 5. Stable isotope properties of spring waters in the Main Range of the Crimean Mountains and
the Crimean Piedmont.
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stable isotopic compositions that are time-independent (Figure 4). This invariant isotopic
composition of water, unaffected neither by discharge rate nor by the composition of
atmospheric precipitation in the recharge area, is consistent with the results from karst
regions elsewhere, indicating that variations in the isotopic compositions of precipitation
are largely smoothed out during the movement of the water through the soil zone and the
epikarst [23,24]. The base-flow of karst springs commonly shows isotope values similar to
the mean annual composition of precipitation in the recharge area, whereas slight devi-
ations from this value may be caused by major precipitation and resulting flood events
[23,24]. The isotopic composition of the springs in the Main Range of the Crimean Moun-
tains is biased toward winter, rather than reflecting the value of the mean annual precipi-
tation (see below).

Previous publications, however, suggest that such stable pattern may not be the only
characteristic of the karst springs in Crimea. Seletsky et al. [8] reported δ18O time series
for four springs along with matching (albeit discontinuous) values of meteoric precipi-
tation measured at adjacent weather stations. Two springs, Panija and Boldyrevsky
(located at 560 and 650 m a.s.l., respectively, on the North Slope of the Crimean Moun-
tains) show δ18O variations broadly synchronous with variations in meteoric precipi-
tation, albeit with a somewhat reduced amplitude (2.5 and 3.4 ‰ vs. 3.9 and 4.9 ‰ in
precipitation, respectively; Figure 6). In contrast, Mikhailovsky spring, located at ca.
300 m a.s.l. on the Southern Slope, shows significantly less variable δ18O values
(1.1‰ range) independent of seasonal variations in precipitation. Both springs show iso-
topic properties controlled by precipitation discharge water from Upper Jurassic lime-
stone of the Yaltinskaya and the Ay-Petrinskaya yailas. Both are karst springs, but of
rather different hydrological characteristics: Panija is the fourth largest karst spring in
the Crimean Mountains (discharge 12–8600 L s−1; mean 396 L s−1), while Boldyrevsky
spring is fairly small (discharge 0–100 L s−1; mean 12 L s−1). Mikailovsky spring (discharge
1–54 L s−1; mean 7.5 L s−1) discharges in unconsolidated sediments of the Tavricheskaya
Series (T3-J2). Its catchment probably includes parts of the Yaltinskaya and the Ay-Pet-
rinskaya yailas.

The variable response of individual springs to the seasonal isotopic cycle of meteoric
precipitation suggests a variable relationship between focused input of precipitation
that largely bypasses the epikarst and diffuse input (vadose seepage and vadose flow)
largely homogenized within the epikarst [22]. Longer time series from different springs
are needed to further address this aspect of karst spring hydrology in Crimea.

5.3. Winter recharge of karst springs

The overall isotopically depleted character of spring waters in the Crimean Mountains
compared to the local meteoric precipitation is apparent in Figures 3(a) and Figure 4(a).
Similarly, Seletsky et al. [8] analysed 10 springs from the southwestern segment of the
Main Range of the Crimea Mountains and noted that all springs have δ18O values more
negative than those of precipitation at the respective altitudes. These authors concluded
that (a) the recharge area for springs on both slopes of the mountains are the plateaus of
the Main Range, and (b) all springs are fed primarily by winter precipitation. Similarly, δ18O
and δ2H values of several karst springs as well as the underground river in the Krasnaya
cave on the northern slope of the Crimean Mountains are isotopically depleted with
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Figure 6. Isotope properties of spring water and local precipitation reported by Seletsky et al. [8]. (a):
Panija spring and Mal-Tash precipitation sampler; (b): Boldyrevskiy spring and Ay-Dmitry sampler; (c):
Mikhailovsky spring and Fas-Burla sampler.
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respect to the annual meteoric precipitation in the respective recharge areas [9]. This
observation supports the concept of the predominantly winter recharge of these springs.

As the mean relative humidity on the karst plateaus of the Crimea Mountains in summer
is ca. 58 %, only rainfall events exceeding 20 mm d−1 will infiltrate, whereas less intense
rainfall will evaporate [25]. According to two decades of observations reported by
Dublyansky et al. [21], 56–90 % of the precipitation on the Dolgorukovskaya yaila is lost
by evaporation between May and October. Based on our time series of monthly
samples of precipitation on the Chatyr-Dag plateau (980 m a.s.l., 2011–2013; [20]), we cal-
culated the mean isotopic composition of recharge water, assuming that starting from a
certain mean temperature, the water will be removed by evaporation and will not contrib-
ute to the recharge. Removing data for those months for which the mean temperature
exceeded 15 °C (depending on the year, such periods may be longer or shorter, lasting
from May through September or from June through August) yields recharge water with
δ2H values that is some 10 ‰ more negative than the weighted average of the annual
recharge. Although this model is admittedly simplistic (intense precipitation events can
contribute to recharge even during the high temperature and low relative humidity
periods), it provides a plausible explanation of the depleted character of karst spring
water in the Crimean Mountains.

To summarize, winter conditions on the yailas, characterized by low temperatures, rela-
tive humidity of ca. 90 %, and multiple events of accumulation and thawing of the snow
cover [21], are most favourable for karst water recharge in the Crimean Mountains.

5.4. Groundwater from boreholes

5.4.1. ‘Common’ waters
Isotope values of most groundwater samples from the Main Range of the Crimean Moun-
tains, the Piedmont and the Crimean Plains plot within the ±1‰ (δ18O) band of the LMWL
and their δ18O and δ2H values range between −11 and −8 ‰ and −80 and −55 ‰,
respectively. In the Crimean Piedmont, such values are common in boreholes sampling
aquifers in Palaeocene–Eocene, Lower Cretaceous and Upper Jurassic units, down to
745 m depth. In the Crimean Plains, this range of values is characteristic of boreholes
tapping water from shallow (3–80 m deep) aquifers in Sarmatian–Pontian strata.

5.4.2. Isotopically light groundwater
Water from eight boreholes yielded distinctly low δ18O values of −13.3 to −12.0 ‰ and
also low δ2H values of −95 to −82 ‰. One of these boreholes is located on the northern
slope of the Crimean Mountains (1-8), five in the Crimean Piedmont (2-10, 2-11, 2-22, 2-23,
and 2-24) and two in the Crimean Plains (3-3 and 3-4).

Borehole 1-8 near the Krasnaya cave has a depth of 60 m and penetrates a downthrown
block of Upper Jurassic limestone. The water tapped by this borehole has a relatively low
temperature (12 °C), and its chemical and dissolved gas composition is distinct from other
karst waters of the Dolgorukovskaya yaila. The water is of Na-HCO3-type with TDS values
exceeding 1.1 g L−1. Dissolved gases comprise CH4, H2S, He, and

222Rn [21], suggesting a
significant contribution from a deep-seated groundwater source.

The five boreholes showing low isotopic values in the Piedmont tap freshwater (0.38–
0.55 g L−1 TDS) of slightly elevated temperatures (25–40 °C). Despite their locations in
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different hydrogeological districts of the Piedmont (Alminsky for 2-11 and 2-24, and Sim-
feropolsky for 2-10, 2-22 and -23), these boreholes tap Lower Cretaceous, Palaeocene and
Eocene aquifers in a homocline which plunges northward underneath younger basinal
deposits of the Crimean Plains. The depleted isotope values of groundwater in shallower
Palaeocene–Eocene aquifers may be related to localized cross-flow from deeper Lower
Cretaceous formations.

In the Crimean Plains, one borehole with lower isotope values taps a Lower Cretaceous
aquifer at a depth of 975–1182 m (3-3) and discharges hot water (53 °C). The second bore-
hole (3-4) probably taps the shallower (90–120 m) Sarmatian–Maeotian strata and shows a
temperature of 19 °C. The difference to other boreholes tapping the Sarmatian–Maeotian
aquifers can be explained by locally ascending cross-formational water sourced from the
deep-seated Lower Cretaceous aquifer. Such cross-formational flow may occur in places
where the aquitard separating aquifers is breached by some natural process (fault, hypo-
gene karst); it may also occur within the borehole.

Such highly negative values are rarely observed in modern precipitation samples, even
during the coldest winter months. Modern precipitation is thus unlikely to be the main
source of these waters. A possible explanation involves pre-Holocene recharge of this
deep-seated aquifer, reflecting the colder Pleistocene climate characterized by strongly
depleted isotope ratios [9].

5.4.3. Isotopically heavy water
Borehole 3-15 near Medvedevka village in the northernmost part of the Crimean Plains is
one of the deepest boreholes sampled in this study. It taps the Lower Cretaceous aquifer at
a depth of 1600–1800 m. The water is brackish (25.3 g L−1) and thermal (65°C at the bore-
hole orifice). The deep-seated water tapped by this borehole has no local recharge. It
shows high δ18O (+1 ‰) and δ2H (−24.5 ‰) values. Similar values were obtained from
another borehole and from waters of mud volcanoes on the Kerch peninsula (see
below). Apparently, borehole 3-15 taps deep-seated water that underwent significant
water–rock isotopic exchange.

5.5. Groundwater of the Kerch peninsula

5.5.1. Springs
The Kyrk-Chokrak spring on the Opuk hill (4-1) is the only spring sampled in this study on
the Kerch peninsula, which shows an isotopic composition consistent with meteoric pre-
cipitation. This is expected as the Kyrk-Chokrak is an epikarst spring, where up to 23 % of
its recharge is provided by condensation within the epikarst [26]. The isotopic compo-
sitions of the three other springs (4-2, 4-3, and 4-4) are displaced to the right of the
LMWL, defining a line with the slope of 2.3. This slope is too small to be attributed to evap-
oration (the latter is characterized by slopes ranging between 3.9 and 6.8 at relative
humidities ranging between 0 and 95 %) [27]. Most likely this line represents a mixing
trend between precipitation water and deep-seated groundwater, similar to that
sampled in mud volcanoes (see below). This interpretation is supported by the elevated
H2S content of two of these springs, their moderately high TDS values (14.2–14.3 g L−1)
and slightly elevated temperatures (15–16 °C, compared to the mean annual temperature
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in Kerch of ca. 11 °C). It may be inferred, therefore, that deep-seated groundwater provides
partial recharge for shallow aquifers feeding the studied springs on the Kerch peninsula.

5.5.2. Mud volcanoes
Kerch peninsula hosts more than 20 mud volcanoes, some of which are presently inactive
[28]. Water discharging from volcano mounds are slightly alkaline, has a variable chemical
composition (HCO3-Cl-Na, Cl-HCO3-Na, SO4-Cl-Na and Cl-Na-type) and TDS (8.6–23.0 g L−1).
It contains dissolved CH4 (93–98 vol. %), ethane, butane and propane (up to 3.4 vol. %), and
small amounts of CO2 (0.3 vol. %) and N2 (0.1–2.6 vol. %) [29].

Recently Ershov and Levin [7] reported water data from 10 mud volcanoes on the Kerch
peninsula. They showed TDS values of 13.2–17.6 g L−1 and the Mg-Li geothermometer
suggests temperatures at the volcano ‘roots’ of 70–107 °C. These waters show enriched
δ2H values, ranging from −17 to −21 ‰. In contrast, δ18O values show a higher degree
of variability (−1.7 to +11.2 ‰) with all data points displaced to the right of the LMWL
(Figure 3(d)). Ershov and Levin [7] attributed these compositions to either the deep-
seated nature of the ‘roots’ of these mud volcanoes or to water–carbonate rock exchange
at the temperature of about 150 °C. A similar explanation of high δ18O values (up to
+14.2‰) in waters from mud volcanoes on the Taman peninsula (east of the Kerch penin-
sula, across the Kerch strait) was proposed by Buyakaite et al. [30].

Although obtained on different mud volcanoes, results of the present study are consist-
ent with the data of Ershov and Levin [7]. Our data show a somewhat larger δ2H range
(−30 to −18 ‰) but nearly identical δ18O values, ranging from −1.6 to +9.4 ‰ (Figure
3(d)). Water from one borehole (T = 18 °C) in the area has similarly high δ2H values and
is slightly enriched in 18O (Figure 3(d)). Strong and variable enrichment in 18O combined
with almost invariant δ2H values suggests that these waters have experienced variable
degrees of water–rock isotope exchange at elevated temperatures. Equilibrium calcu-
lations show that in order to obtain δ18Owater values as high as +12 ‰ via isotopic
exchange with limestone (assuming δ18Olimestone = 0 ‰ VPDB), a minimum temperature
of 95 °C is required. This temperature was calculated assuming an infinitely low water/
rock ratio; higher temperatures are needed if the water/rock ratio is higher, or if isotopic
equilibration is incomplete. This is consistent with estimates of the temperature at the
‘roots’ of the Kerch mud volcanoes of 70–127 °C, based on Mg-Li and Na-Li geotherm-
ometers [7].

6. Conclusions

This first systematic study shows that several groups of groundwater with distinct stable
isotopic compositions exist in Crimea.

Natural springs in the Main Range of the Crimean Mountains and the Crimean Pied-
mont yielded a restricted range of values (δ18O =−10.5 to −8.0 ‰, δ2H =−72 to
−58 ‰). On average, these values are somewhat lower than the weighted mean values
of precipitation recorded over 3–4 years of monitoring in the Crimean Mountains and
the Piedmont (Chatyr-Dag and Simferopol stations); [20]. The isotopically depleted charac-
ter of the spring water is explained by preferential recharge at higher elevations and
during winter, when evaporation is low.
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Water tapped by boreholes in Crimea can be separated into three groups. One group
has isotopic properties similar to those of the springs. These borehole waters also have
isotope values slightly more negative than the mean precipitation. The second group
shows significantly depleted isotopic compositions (δ18O =−13.3 to −12.0 ‰, δ2H =
−95 to −82 ‰). Elevated contents and complex compositions of dissolved gases, as
well as elevated temperatures suggest the admixture of deep-seated groundwater at
some of these sites. The very low isotope values argue for recharge during colder Pleisto-
cene times. The third group of boreholes taps waters of high isotope values (δ18O =−2.5 to
+1.0‰, δ2H =−24 to −22‰). The oxygen isotope enrichment is disproportional, and the
data points are shifted to the right of the Crimean LMWL. The boreholes are 1600−1800 m
deep and discharge highly mineralized (25.3 g L−1) thermal (65°C at orifice) water. The
origin of these waters is presently unknown, but the isotopic characteristics suggest
water–rock exchange reactions.

Groundwater on the Kerch peninsula forms a separate group. Waters associated with
mud volcanoes have distinct isotope characteristics (δ18O =−1.6 to +9.4 ‰, δ2H =−30
to −18 ‰). Restricted variability of δ2H along with strongly variable and generally high
δ18O values indicates water–rock isotopic exchange at elevated temperatures (>95 °C),
which is consistent with independent temperature estimates of the root zones of these
mud volcanoes. Springs on the Kerch peninsula show variable isotopic compositions.
One epikarstic spring has a composition consistent with meteoric recharge, while the
others show high δ18O and δ2H values, indicating various degrees of mixing with isotopi-
cally heavy groundwater typical of mud volcanoes.

Geolocation information

Coordinates of Crimea: 45.3453 ° N, 34.4997 ° E
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